Abstract. This paper presents a practical application of the concept of Optimal Experiment Design (OED) for the determination of properties of porous materials with in-situ measurements and an identification method. First, an experimental set-up was presented and used for the measurement of relative humidity within a wood fibre material submitted to single and multiple steps of relative humidity variation. Then, the application of OED enabled to plan the experimental conditions in terms of sensor positioning and boundary conditions out of 20 possible designs. The OED search was performed using the Fisher information matrix and a priori knowledge of the parameters. It ensures to provide the best accuracy of the identification method and thus the estimated parameter. Optimal design results have been found for single steps from the relative humidity φ = 10 to 75 % , with one sensor located at the position X between 4 and 6 cm , for the estimation of moisture permeability coefficients, while from φ = 75 % to φ = 33 % , with one sensor located at X • = 3 cm , for the estimation of the advection coefficient. The OED has also been applied for the identification of couples of parameters. A sample submitted to multiple relative humidity steps (φ = 10 − 75 − 33 − 75 %) with a sensor placed at X • = 5 cm was found as the best option for determining both properties with the same experiment. These OED parameters have then been used for the determination of moisture permeability and advection coefficients. The estimated moisture permeability coefficients are twice higher than the a priori values obtained using standard methods. The advection parameter corresponds to the mass average velocity of the order of v = 0.01 mm/s within the material and may play an important role on the simulation of moisture front.
Introduction
Heating or cooling strategies and design of building envelopes are commonly based on numerical simulations performed by hygrothermal tools such as Delphin [5] , MATCH [34] , MOIST [11] , WUFI [19] or Umidus [26, 28] or by whole-building simulation programs, used in the frame of the International Energy Agency Annex 41 [43] . Details about the mathematical models and their numerical schemes are described in [27] . Those programs are capable to simulate whole buildings considering the combined heat and moisture transfer through porous elements.
Nevertheless, porous materials have hygrothermal properties strongly dependent on moisture content -mainly highly hygroscopic materials such as wood, are commonly estimated using experimental characterisation methods. The moisture capacity is traditionally determined using the gravimetric methods (ISO 12571). Samples are weighed for different relative humidity conditions, ensured by salt solutions. For the vapour permeability, the most common measurement procedure is based on the standard (ISO 12572). It measures the mass variation of a material sample under a controlled difference of relative humidity between both sides. The vapour permeability is estimated for different relative humidity levels (dry and wet cup). For the liquid permeability, the sample is exposed to a liquid pressure gradient. The permeability is estimated by measuring the liquid flux at the equilibrium.
Even if measurements of these properties are well established and largely reported in the literature, some discrepancies can appear when comparing experimental data from in-situ measurements to numerical model results. A material, with an initial moisture content w 0 , is submitted to an adsorption phase at relative humidity φ 1 and then to a desorption phase at relative humidity φ 2 . Results of the simulation underestimate the adsorption process or overestimate the desorption process. Numerous studies state similar observations. Interested readers may consult [9, 20] for a preliminary introduction to this investigation.
To answer this issue, models are calibrated using in-situ measurements for estimating material properties to reduce the discrepancies between model predictions and real performance. For instance, in [14] , liquid and vapour transfer coefficients are determined for hemp material submitted to a drying process. In [22] , moisture-and temperature-dependent diffusivity and thermo-physical properties are estimated using only temperature measurements under a drying process. In [35] , moisture properties of a wood fibre material were estimated and so the parameter estimation problem revealed a resistance factor for vapour permeability lower than 1, which is physically unacceptable as the vapour diffusion of through the porous material cannot be faster than in the air. Physical models commonly take into account only diffusion transfer and authors conclude that other physical phenomena, such as moisture advection, might not be ignored. Therefore, this research has been conducted to estimate the moisture permeability and advection coefficients of a similar wood fibre material. First, an experimental set-up has been used, enabling to submit the material samples to several steps of relative humidity, under isothermal conditions. Temperature and relative humidity sensors have been placed within the samples.
The estimation of the unknown parameters, e.g., wall thermo-physical properties, based on observed data and identification methods, strongly depends on the experimental protocol and particularly on the imposed boundary conditions and on the location of the sensors. In [8] , the concept of searching the Optimal Experiment Design (OED) was used to determine the best experimental conditions in terms of quantity and location of sensors, and flux imposed to the material. These conditions ensure to provide the best accuracy of the identification method and thus the estimated parameter. It was studied for the identification of hygrothermal properties of a porous material. Even though the approach was verified by solving 100 inverse problems for different experiment designs, it remained theoretical as no real experimental data nor existing facility were considered.
This research intends to go one step further. The issue is to use the methodology to determine the OED according to the existing facility. It first aims at defining the optimal boundary condition and location of the sensor to ensure an accurate solution of the parameter estimation problem. Then, experimental measurements are provided respecting the particular design and used to estimate the unknown parameters. Thus, this article is organised as follows. Next Section 2 presents the physical problem and the methodology of OED searching. Then, Section 3 describes the experimental facility used for providing measurements in a wood fibre material. In Section 4, the OED is searched according to the different possibilities for the estimation of one or several parameters. Section 5 provides an estimation of the moisture permeability and advection coefficients, given the experimental data obtained according to the OED.
Methodology

Physical problem and mathematical formulation
The physical problem involves one-dimension moisture convection through a porous material defined by the spatial domain Ω x = [ 0, L ] as shown in Figure 1 . The moisture transfer occurs due to capillary migration, vapour diffusion and advection of the vapour phase. The physical problem can be formulated as the convective moisture equation [7, 25, 37] :
where ρ l+v is the volumetric moisture content of the material, k v and k l , the vapour and liquid permeabilities, P v , the vapour pressure, P c , the capillary pressure, T , the temperature, v , the air velocity and, R v , the water vapour gas constant. Eq. (2.1) can be written using the vapour pressure P v as the driving potential. For this, we consider the physical relation, known as the Kelvin equation, between P v and P c :
,
Thus we have:
The temperature remains the same at the boundaries. Even if heat transfer occurs in the material due to phase change, the temperature variations in the material are assumed negligible. Thus, the second right-hand side term vanishes and we obtain:
In addition, we have:
Under isothermal conditions, the second right-hand term of the equation above also vanishes. Considering the relation ρ l+v = f (φ) = f (P v , T ) , obtained from material properties and from the relation between the vapour pressure P v and the relative humidity φ , we get:
The advection flow is given by:
where v is the molar average velocity and ρ k is the volumetric concentration of moving moisture mass, calculated as:
where ρ m is the volumetric concentration of moisture and b is the ratio of the volume of moisture V m to the total volume of capillaries V . Thus, we have:
It is also assumed that there is no variation of the volume of capillaries. In other words, the shrinkage or expansion effects, due to the variation of the moisture content, are neglected * Using the perfect gas law, we obtain:
With the assumption of isothermal conditions and constant mass average velocity v , it can be written:
Eq. (2.1) can be therefore rewritten as:
The material properties f(Φ) , k l and k v depend on the vapour pressure P v . We denote
, the advection coefficient. Thus, Eq. (2.2) becomes:
At x = 0 , the surface is in contact with the ambient air of temperature T ∞ and relative humidity φ ∞ . Thus, the boundary condition is expressed as:
At x = L , the flow is imposed to be null:
At t = 0 , the vapour pressure is supposed to be uniform in the material
The following assumptions are adopted on the properties of the material. The moisture capacity c is assumed as a second-degree polynomial of the relative humidity. The moisture permeability d is taken as a first-degree polynomial of the relative humidity:
As the sorption isotherm function is a monotonic increasing function, a constraint is imposed on c 0 , c 1 and c 2 . Other functions can be used to describe the variation of the moisture permeability, for instance, exponential ones. However, the permeability of the material under investigation has been determined using the cup method in [33, 42] and expressed as a first-order polynomial, which will be used as a priori parameters in the next Sections.
The direct problem, defined by Eqs. (2.3), (2.4), (2.5) and (2.6), is solved using a finitedifference standard discretisation. An embedded adaptive in time Runge-Kutta scheme, combined with a Scharfetter-Gummel spatial discretisation approach, is used [9] . It is adaptive and embedded to estimate local error in time with little extra cost. The algorithm was implemented in the Matlab environment. It is also important to note that a unitless formulation of the problem was used, due to a number of good reasons. First of all, it enables to determine important scaling parameters (Biot, Luikov numbers for instance). Henceforth, solving one dimensionless problem is equivalent to solve a whole class of dimensional problems sharing the same scaling parameters. Then, dimensionless equations allow to estimate the relative magnitude of various terms, and thus, eventually to simplify the problem using asymptotic methods [29] . Finally, the floating point arithmetics is designed such as the rounding errors are minimal if you manipulate the numbers of the same magnitude [21] . Moreover, the floating point numbers have the highest density in the interval ( 0, 1 ) and their density decays exponentially when we move further away from zero. So, it is always better to manipulate numerically the quantities of the order of O(1) to avoid severe round-off errors and to likely improve the conditioning of the problem in hands.
Optimal Experiment Design
Efficient computational algorithms for recovering parameters P given an observation u exp of the field u (x, t) have already been proposed. Readers may refer to [32] for a primary overview of different methods. They are based on the minimisation of the cost function J [ P ] . For this, it is required to equate to zero the derivatives of J [ P ] , with respect to each of the unknown parameters p m to find critical points. Associated to this necessary condition for the minimisation of J [ P ] , the scaled dimensionless local sensitivity function [18] is introduced:
where σ u is the variance of the error measuring u exp . The parameter scaling factor σ p equals 1 as we consider that prior information on parameter p m has low accuracy. It is important to note that all the algorithms has been developed considering the dimensionless problem in order to compare only the order of variation of parameters and observation, avoiding the effects of units and scales. The function Θ m measures the sensitivity of the estimated field u with respect to change in the parameter p m [4, 30, 32] . A small magnitude of Θ m indicates that large changes in p m induce small changes in u . The estimation of parameter p m is therefore difficult in this case. When the sensitivity coefficient Θ m is small, the inverse problem is ill-conditioned. If the sensitivity coefficients are linearly dependent, the inverse problem is also ill-conditioned. Therefore, to get an optimal evaluation of parameters P , it is desirable to have linearlyindependent sensitivity functions Θ m with large magnitude for all parameters p m . These conditions ensure the best conditioning of the computational algorithm to solve the inverse problem and thus the better accuracy of the estimated parameter.
It is possible to define the experimental design in order to reach these conditions. The issue is to find the optimal sensor location X
• and the optimal amplitude φ ∞, • of the relative humidity of the ambient air at the material bounding surface, x = 0 . To search this optimal experiment design, we introduce the following measurement plan:
Here, the measurement plan considers the whole values of the space domain Ω x for the sensor position X . When solving numerically the problem, a step ∆X = 0.01 , between each sensor position, is taken into account. For the relative humidity φ ∞ , the measurement plan is fixed according to the experimental facility. As detailed in the next sections, 20 different boundary conditions are considered.
In the analysis of optimal experiments for estimating the unknown parameter(s) P, a quality index describing the recovering accuracy is the D−optimum criterion [2-4, 6, 16, 17, 23, 30, 36, 39-41] :
where F ( π ) is the normalized Fisher information matrix [23, 40] defined as:
where N is the number of sensors and τ the simulation horizon time.
The matrix F ( π ) characterises the total sensitivity of the system as a function of measurement plan π (Eq. (2.10)). The OED search aims at finding a measurement plan π
• for which the objective function -Eq. (2.11)-reaches the maximum value:
To solve the Eq. (2.13), a domain of variation Ω π is considered for the sensor position X and the amplitude φ ∞ of the boundary conditions. Then, the following steps are carried out for each value of the measurement plan π = X , φ ∞ in the domain Ω π . First, the direct problem, defined by Eqs. (2.3)-(2.6), is solved. Then, given the solution P v for a fixed value of the measurement plan, the next step consists of computing the sensitivity coefficients Θ m = ∂u ∂p m , using also an embedded adaptive time Runge-Kutta scheme combined with central spatial discretisation. Then, with the sensitivity coefficients, the Fisher matrix (2.12)(a,b) and the D−optimum criterion (2.11) are calculated. All in all, four partial differential equations have to be solved for each values of the measurement plan: one for the vapor pressure and three for the sensitivity functions associated to the three parameters under investigation. Using the Matlab platform and the ODE45 function, the computation of the results for one value of the measurement plan takes 150 s with Intel i7 CPU and 16GB of RAM. Thus, the exploration of the whole measurement plan requires less than 1 h. The solution of the direct and sensitivity problems are obtained for a given a priori parameter P and, in this case, the validity of the OED depends on this knowledge. If there is no prior information, the methodology of the OED can be done using an outer loop on the parameter P sampled using, for instance, Latin hypercube or Halton or Sobol quasi-random samplings. Interested readers may refer to [8] for further details on the computation of sensitivity coefficients. Equation (2.10) has been written for a relative humidity step at the boundary of the material. However, the methodology can be applied for any other boundary condition. For instance, in [8] , time varying boundary conditions in relative humidity and temperature are considered for the analysis of the OED. In [4] , a time varying boundary heat flux is studied. Other examples can also be consulted in [40] .
An interesting remark with this approach is that the probability distribution of the unknown parameter p m can be estimated from the distribution of the measurements of the field u and from the sensitivity Θ m . The probability P of u is given by:
Using the sensibility function Θ m , the probability can be approximated by:
Assuming Θ m > 0 , we get:
Therefore, using a change o variable, the cumulative derivative function of the probability of the unknown parameter p m is estimated by:
14)
When Θ m < 0 , the cumulative derivative function of the probability is given by:
It gives an local approximation of the probability distribution of the unknown parameter p m , at a reduced computation cost. Moreover, the approximation is reversible. Thus, if one has the distribution of the unknown parameter, it is possible to get the one of field u .
Description of the experimental facility
The test facility used to carry out the experiment, henceforth mentioned as the RH-Box, is illustrated in Figure 3 (a) and a picture is given in Figure 3 (b). It is composed of two connected climatic chambers. The temperature of each chamber is controlled independently with a thermostatically-controlled water bath allowing water to circulate in a heat exchanger. Relative humidity is controlled using MgCl 2 and NaCl saturated salt solutions. Chambers 1 and 2 are fixed to φ 1 = 33 % and φ 2 = 75 % , respectively. Another climatic chamber is also available. It is independent from the others as there is no doors linking the chambers. It is regulated at φ 0 = 10 % to initially condition materials.
The samples are placed above the saline solution on grids. To avoid any perturbation of the chamber conditions, the various samples are handled using gloves. Two door locks, at each side, allow the operator to insert or remove samples to minimize system disturbances. They enable easy and instantaneous change in humidity boundary conditions for the samples while passing from one chamber to another. Two fans, operating continuously, allow to homogenize the inside air when the saline solutions are settled. Interested readers may consult a complementary discussion in [12] .
The temperature and relative humidity fields are measured inside the samples with wireless sensors from the HygroPuce range (Waranet industry). The accuracy is ± 2 % for the relative humidity and ± 0.5
• C for the temperature and the dimensions are 0.6 cm thickness and 1.6 cm diameter, as illustrated in Figure 4 (a). The response time of the sensor is 5 to 10 min .
The material investigated is the wood fibre, which properties have been determined in [33, 42] and are shown in Table 1 . They constitute a priori information on the unknown parameters d 0 and d 1 . The temperature was assumed to have slight variations in the material, around T = 24.5
• C. This hypothesis is assumed considering the slight variation of temperature observed in the ambient facility and in the material, as illustrated in Figures 2(a) and 2(b). In [9] , the mass average velocity in the material was estimated around v = 5 mm/s , where the facility imposed an air flow at one face of the material. In the current study, no air movement are imposed. Therefore a lower velocity value v = 0.1 mm/s is used as a priori value in the material. This hypothesis will be verified when estimating the parameters. Therefore, according to the definition, an a priori estimation of the advection parameter is a = 7.2 · 10 −11 s/m . The samples are cylindrical, with a 10 cm diameter and 8 cm thickness. The size of the samples has been chosen in order to avoid borders effects and to minimize the perturbation of sensors inside the sample. Moreover, to ensure one-dimensional moisture transfer, the side and bottom surfaces of the samples are covered with aluminium tape and glued on a white acrylic seal, as illustrated in Figure 4 (b).
The sensors are placed within the wood fibre by cutting the samples. The exact location of the sensor will be investigated through the OED approach in the next Sections. The influence of cutting the sample and introducing the sensor inside the sample has been studied in [12] . Several samples have been under investigation by cutting them and introducing 1 , 2 or 3 samples at different position. Sensors were inserted inside the sample and at the bottom surface of the sample. Measurement inside these samples has been compared to a reference measure. The latter was obtained from a sample with only a sensor at the bottom surface, settled without cutting the sample. Results revealed a good agreement between the measurements of all samples, concluding that the protocol may not disturb the moisture transfer. The total uncertainty on the measurement of relative humidity can be evaluated considering the propagation of the uncertainty due to sensor measurement and due to their location. It should be noted that uncertainties due to contact resistance between the sensor and the material are difficult to estimate and therefore are not taken into account here. The total uncertainty on relative humidity is [38] :
where X is the location of the sensor and ∆X the uncertainty on its position. The term ∂φ ∂x has been evaluated using a numerical computation of the direct problem for the different range of humidity investigated here and results show a maximum value of 0.04 m −1 . Considering measuring a relative humidity φ = 10 % , the sensor uncertainty ∆φ = 2 % , and the sensor location uncertainty ∆X = 0.1 mm , the total uncertainty on the measurement is of the order of ∆φ = 2 % . The contribution of the uncertainty of the sensor location is 100 times lower than the one of the sensor measurement. These results confirm the ones presented in [12] , showing that the hygrothermal behaviour is not impacted by the experimental design. Moreover, the reproducibility of the experiments has also been verified, testing seven samples at the same time when carrying out the experiments.
As mentioned in Section 2.1, an null flux condition is assumed at the bottom of the samples (x = L). At x = 0 , a Robin type boundary condition Eq. (2.4) is considered. The surface is in contact with the ambient air of the chamber knowing that the experimental facility enables to perform one or multiple steps of relative humidity:
The convective mass transfer coefficient h has been estimated by preliminary measurements adapted from [24] . A reservoir with liquid water is placed in the RH-box and the mass change was recorded during 3.5 days. Figure 5 gives the time variations of water weight in the reservoir placed in the climatic chamber with φ = 33 % . The convective mass transfer coefficient has been estimated using following equation:
where P s ( T w ) is the saturated vapour pressure for the temperature T w of the liquid water. The moisture flux g is computed using the slope of the mass variation of water according to time. Results give a convective mass transfer coefficient around h = 9 · 10 −9 s/m . This value provides an acceptable estimation of the coefficient, given the values used in literature [31, 35] . It will be used as a first approximation for the hygroscopic material.
Finally, the experimental facility is used to submit the samples to a single or multiple steps of relative humidity. In the first case, the material can be initially conditioned at φ = 10 % , φ = 33 % or φ = 75 % . In the case of multiple steps, as the climatic chamber φ = 10 % is not linked with the others, the samples will always be conditioned using this chamber. Therefore, the multiple steps can only be operated between climatic chamber 1 and 2 , where the perturbations, due to the mouvement of the samples, are reduced. For single step experiments, it is not possible to perform a step from 33 % or 75 % to the climatic chamber at 10 % for the same practical reasons. The pre-conditioning is reached when the mass change of the samples is lower than 0.05 % . A total of 20 designs are possible as reported in Tables 2 and 3 . The aim is to use the measurements to estimate one of the parameters of the material moisture permeability and advection coefficients, d 0 , d 1 or a , with a single step in relative humidity. Considering the facility described in Section 3, four designs are possible for a single step of humidity, and are reported in Table 2 . The issue is to determine the optimal design, in terms of location of the sensors in the material for each of the four designs. Then, by comparing the magnitude of the criterion Ψ , one can define which step of relative humidity is the best design. For this purpose, the duration of experiments is set to τ = 200 h . These wood material properties reported in Table 1 are used as prior informations to compute the sensitivity coefficients.
Determination of the OED
The D−criterion Ψ has been computed for each of the four designs and results are given in Table 2 . As illustrated in Figure 6 (a), the design 2 , which has the higher step of relative humidity, has the highest criterion Ψ for both parameters d 0 and d 1 . This design would provide the highest accuracy to estimate one of these two parameters. For the advection coefficient a , the design 4 has the criterion. Nevertheless, it can be noted that the design 2 reaches almost 90% of the maximal criterion. Therefore, both designs 2 and 4 could be used to estimate the parameter a with the best accuracy. On the opposite, the designs 1 and 3 are the worst protocols. The results are confirmed by the variation of the sensitivity coefficients given in Figures 7(a) and 7(b) . The function Θ measures the sensitivity of the estimated field with respect to change in the parameter (d 0 , d 1 , or a) . The function have higher magnitudes of variations for the design 2 than for design 1 . The field is thus more sensible to changes in those parameters for the design 2 . Indeed, the relative humidity in the material have sharper variations in the material for the OED than for the worst design, as illustrated in Figure 8 . As noticed in Eq. (2.12), the criterion Ψ is computed using the sensitivity function Θ , which explains why the OED corresponds to the design 2 .
The variation of the criterion Ψ with the position X of the sensor is given in Figure 6 (b) for the design 2 . The criterion reaches its maximum for the sensor located between X • = 4 cm and X • = 6 cm. This optimal position does not vary much for other designs for parameters d 0 and d 1 ), as reported in Table 2 . For parameter a , the optimal position varies between 3 cm and 6 cm .
Design
Relative humidity Table 2 . Determining the OED (highlighted in bold) for the identification of one parameter, using an experiment with a single step of relative humidity. Summarizing, for the identification of parameter d 0 or d 1 , a single step of humidity from 10 % to 75 % , with a sensor located at X • = 6 cm and X • = 4 cm , respectively, ensures the highest accuracy for solving the parameter estimation problem. Concerning the advection coefficient a , a step from 75 % to 33 % , with a sensor located at X • = 3 cm is the optimal design. The same design as the one for parameter d 1 can also be used to estimate this parameter.
Multiple steps of relative humidity
The OED has been obtained for the estimation of one parameter, considering an experiment with multiple steps of relative humidity. According to the description of the facility and to Table 3 , 16 designs are considered. The design with a primary step to φ = 75% has the highest criterion ψ and thus is the OED. Nevertheless, it can be noted that this experiment require a long-time measurements (around 500 h). Therefore, the choice of an experiment with a single step relative humidity is preferable for the estimation of one parameter. In terms of sensor location, the OED is reached for X • = 5.5 cm , X • = 3.8 cm and X • = 6 cm for the estimation of d 0 , d 1 and a respectively. Table 3 . Determining the OED (highlighted in bold) for the identification of one parameter, using an experiment with a multiple steps of relative humidity.
Design Duration of the
d 0 d 1 a steps ( days ) Ψ X • ( m ) Ψ X • ( m ) Ψ X • ( m ) step φ ( % ):
Estimation of several parameters 4.2.1 Single step relative humidity
The issue is now to estimate two or three parameters among the material moisture permeability and advection coefficients, d 0 , d 1 and a . This section focuses, therefore, on a single step of relative humidity. Table 4 gives an overview of the results. First of all, the sensitivities of parameters d 0 and d 1 have a strong correlation. This interaction can also be observed in Figure 7 . Therefore, the identification of the couple d 0 , d 1 or even of three parameters might be a difficult task with these experiences. As shown in Figure 9 (b), the design 2 appears to be the one providing the optimal conditions to estimate the couples of parameters ( d 0 , a ) and ( d 1 , a ) . Figure 9(b) gives the optimal localisation of the sensors Figure 9 . Variation of the criterion Ψ for the four possible designs (a) and as a function of the sensor position X for design 2 (b).
Design
Relative humidity Table 4 . Determining the OED (highlighted in bold) for the identification of several parameters, using an experiment with a single step of relative humidity.
for the design 2 . The sensor should be located around X • = 6 cm and X • = 5 cm for the couples of parameters ( d 0 , a ) and ( d 1 , a ) , respectively.
Multiple steps of relative humidity
Another type of design is investigated, based on multiple steps of relative humidity. The 16 possible designs are reported in Table 5 . All the designs have an initial relative humidity φ = 10 % . Two types of consecutive steps are possible: φ = 33 − 75 − 33 % and φ = 75 − 33 − 75 % . The optimal design is sought as a function of the location of the sensor and as a function of the duration of each step of relative humidity. Results are provided in Table 5 . The sensitivity coefficients of d 0 and d 1 are also correlated for these designs as it can be noticed in Figure 11(a) . Therefore, the estimation of this couple of even three parameters with reasonable accuracy would be a difficult task. Figure 10 cm . An interesting remark is that the best sensitivity is obtained for an experiment with three steps of 8 days. For each step, the steady state is reached in the sample. Indeed, it corresponds almost to the duration of the cup experiment for this material, which also carried out measurement until reaching the steady state. This similarity shows a good agreement between the OED results and the cup method.
Synthesis on the determination of the OED
With the given facility, two types of experiments can be carried out with (i) single step and (ii) multiple steps of relative humidity. A total of 20 designs are possible. The measurement of vapor pressure in the material can be used to estimate the diffusion and advection coefficients d 0 , d 1 and a . To provide the best accuracy when solving the parameter estimation problem, the OED has been determined for each design in terms of sensor position and boundary conditions. Two cases has been distinguished. The first one intends to estimate one parameters out of the three. The estimation of the three coefficients at once may lack of accuracy due to the important correlations of the parameters. Thus, the second case
Design
Duration of Table 5 . Determining the OED (highlighted in bold) for the identification of several parameters, using an experiment with multiple steps of relative humidity.
aims at estimating two coefficients out of the three. A synthesis of the OED is given in Table 6 . The choice between the two types of experiments is a compromise between the duration of the total test (200 h for the single step and 576 h for the multiple steps) and the magnitude of the criterion Ψ , which is higher for the multiple steps experiments.
Estimation of the parameters
Methodology
As mentioned before, due to the correlation of their sensitivity coefficients, it is uncertain to estimate the couple d 0 , d 1 with the OED considering single or multiple steps. Therefore, to estimate the three parameters, it is possible to use a couple of parameter with one design (single or multiple steps) and the third one with the other. It can be noticed that the criterion Ψ is higher for the OED with multiple steps of relative humidity than a single step. Moreover, for this OED, the sensitivity coefficients of the parameters d 1 , a have lower correlation that for the parameters d 0 , a . Therefore, to identify three parameters d 0 , d 1 , a , the design 16 with multiple steps 10 − 75 − 33 − 75 % will be used to estimate the couple d 1 , a and the design 2 with the single step 10 − 75 % for the remaining parameter d 0 . The sensor was located according to the OED.
We denote as d the following cost function is defined, in its matrix form, using the Euclidean norm, as:
where subscripts 1 and 2 denote the design with single and multiple steps of relative humidity, respectively. The quantity u exp stands for the measurement resulting from the experimental facility and the OED. It is evaluated on a discrete grid of time t exp . The quantity u is the solution of the direct problem -Eqs. (2.3)-(2.6) -, considering the boundary and initial conditions of the design. The cost function J is minimised using function fmincon in the Matlab environment, providing an efficient interior-point algorithm with constraint on the unknown parameters [13] . Here, the constraints are defined with upper and lower bound for the parameters:
As mentioned in Section 3, the a priori advection parameter has been estimated without experiments. Thus a larger interval was provided as a constraint for this parameter.
Results and discussion
Results of the estimated parameters are reported in Table 7 . It took only 54 computations of the direct model for both experiments to minimise the cost function J . In addition, a comparison between the experimental measured data and the results of the numerical models with a priori and estimated parameters is given in Figure 12 . It can be noted that the regulation by salt solutions in the climatic chamber is not very precise. For the design with a single step, the ambient relative humidity is around φ 1 = 80 % instead of 75 % .
The three estimated parameters have higher values than the a priori ones. However, the values are not so different to consider that the methodology used for the search of the OED is valid. The estimated parameters for the vapour permeability is almost two times higher. The water diffusion resistance factor µ of the material, corresponding to the ratio between the vapour permeability and the air permeability, varies between µ = 4.5 and µ = 2.8 for dry and wet states. As this factor remains lower than 1, one can say that the estimated vapour permeability is physically acceptable. It can be mentioned that in previous study [35] , with similar experiments for this material and a physical model including only diffusion transfer, authors estimated a resistance factor higher than 1 . They concluded that an apparent permeability, even not-physical, was estimated and that other physical phenomena should be taken into account. The present study goes further by including the moisture advection, providing a more complete and reasonable physical model. As noticed in Table 7 , a ratio of 10 is noticed between the a priori and estimated advection parameters a , highlighting that the advection in the material is less important. The mass average velocity in the material is of the order of 0.01 mm/s . Moreover, the moisture permeability and advection coefficients have the same order of magnitude, confirming the results from [1] , highlighting the importance of both advection and diffusion transfer in porous materials.
These results are also correlated with the ones from [15] where authors questioned the measurement of the vapour permeability according to the standard ISO 12572. The method appears not to take into account the variation of the total pressure within the cup. Thus, advective vapour transfer is overlooked. In the case of highly air permeable materials, it implies that the vapour permeability may be underestimated. Figure 13 gives the residual between the numerical results and the experimental data for both experiments. The residual is lower for the results with the estimated parameters. It is also uncorrelated, highlighting a satisfying estimation of the parameters. Nevertheless, it can be noted in Figure 12 that some discrepancies remain between the experimental data and the results of the numerical model. This can be specifically observed at t = 150 h , in Figure 12 (a), and at t = 350 h , in Figure 12 (b). These discrepancies might be explained by two reasons. First, it was assumed that the vapour permeability varies as a firstdegree polynomial of the relative humidity in Eq. (2.7) and that the advection parameter is independent of the fields. To fit better with the experiments, this assumption may be revisited by increasing the degree of the vapour permeability polynomial and considering a field dependent non-constant advection parameter. Another alternative could be to search for time varying coefficients as it was done in [10] . The second reason is that only moisture transfer is included in the physical model, neglecting the variation of the temperature in the samples. Even if the experimental design is carried out under isothermal conditions, the temperature varies slightly in the material due to phase change and coupling effects between heat and moisture transfer. Moreover, temperature should influence at least the advection coefficient a. Thus, the physical model should be improved for achieving a better fitting with the experimental data. As mentioned in Section 2.2, using Eqs (2.14) and (2.16), the local probability density functions of the estimated parameters can be computed using the sensitivity functions of the parameters. A normal distribution with a standard deviation of measurement σ φ = 0.15% is assumed. As the field is varying in time, the probability of the parameter and its standard deviation are also depending on time as illustrated in Figure 14 . In Figure 7 (a), the sensitivity function of this parameter reaches its maximum for t = 11 h . It also corresponds to the time where the probability function is maximum, as noted in Figure 14(a) . A precise estimation of the parameter is obtained at the moment when the sensitivity function reaches its maximum. Similar observations can be done when comparing the sensitivity function of parameters d 1 and a in Figures 11(a) and the probability in Figures 14(b) and 14(c). The interesting point is to get an information on the local probability of the estimated parameter, at a low computational cost. It is computed directly from the sensitivity function. It is not necessary to carry out numerical-based statistical inferences that have a non-negligible computational cost as mentioned in [10] for instance.
Conclusion
This paper presented a study conducted for the estimation of moisture-dependent material properties using in-situ measurements, with two mains objectives. The first one was to compare the results to previous studies using a similar facility and material [35] . The second goal was to propose a more detailed physical model improved by adding a moisture advection term, commonly neglected in the literature. The unknown parameters to be determined were the moisture diffusion and advection coefficients of a wood fibre material. The primer one was assumed to vary as a first-degree polynomial of the relative humidity, while the latter was defined as a constant parameter. Thus, the inverse problem involved three parameters d 0 , d 1 , a of a diffusive-convective moisture transfer problem. The estimation of the unknown parameters has been accomplished using an existing setup based on two chambers with prescribed relative humidity and temperature. The set-up enables to submit samples to single or multiple steps of relative humidity under isothermal conditions. Before performing the experiments, the OED was searched in terms of optimal boundary conditions and location of sensors within the material. These conditions ensure to provide the highest accuracy of the identification method. This approach was described in [8] and applied to this study for the existing facility among 20 possible designs. It has been carried out considering a priori values of the unknown parameters determined with standard methods [33] . For the estimation of one parameter among the three, results have shown that a single step of relative humidity from φ = 10 % to φ = 75 % , with a sensor located between 4 and 6 cm is the optimal design for the estimation of the moisture permeability coefficients. For the advection coefficient, a single step of φ = 75 % to φ = 33 % , with a sensor located at X • = 3 cm , is the optimal design. It has also been demonstrated that the sensitivity coefficients of parameters d 0 and d 1 have strong correlations for those experiments. Therefore, it would be a difficult task to identify all the parameters with only one experiment. Nevertheless, the OED was also determined for the identification of coupled parameters. A sample submitted to multiple relative humidity steps of φ = 10 − 75 − 33 − 75 % , with a sensor placed at X • = 5 cm appears as the best option. It is important to mention that this investigation is valid for the a priori values of material under investigation as well for the conditions of the facility (length of the samples, boundary conditions, etc.).
After these investigations, two OEDs have been used to perform two different experiments. The first one, a single step of relative humidity from φ = 10 % to φ = 75 % , is used to estimate the parameter d 0 . The second experiment is based on multiple steps of relative humidity φ = 10 − 75 − 33 − 75 % to determine the couple d 1 , a . For each experiment, the sensors have been placed according to the OED. Using these measures, a cost function has been defined and minimised using an interior-point state-of-the-art algorithm. The estimated moisture permeability coefficients are twice higher than the a priori values of the parameters, being a physically acceptable moisture diffusion resistance factor. The advection parameter has been determined, corresponding to the air speed inside the material of the order of v = 0.01 mm/s , which is in accordance with the results from other studies [7, 8] .
To conclude, the values of the estimated parameters are close to the ones of a priori parameters used for the search of the OED, validating the approach. Moreover, thanks to the computation of the sensitivity function within the OED methodology, a probability distribution function of the estimated parameters can be approximated at a lower computational cost. As highlighted in Section 5, some discrepancies still remain between the experiments and the numerical calibrated model, which motivates further research to be focused on upgrading the physical model by considering the combined heat and moisture transfer to improve the calibration. In addition, the assumptions on the vapour permeability and advection coefficients may be revisited. An interesting improvement of the methodology would be to consider both fields of relative humidity and average moisture content measurements when solving the parameter estimation problem. In that case, the sensitivity coefficient for both fields should be computed and the new results of the OED methodology should be then analyzed. 
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